In order to provide a time constraint on the 13 C-depleted kerogen formation in silica dikes that intruded 3.5 Ga greenstone from Pilbara Craton in Western Australia, we have carried out an ion microprobe U-Pb dating and rare earth element (REE) analysis of apatite from one of the dikes. Two types of apatite were identified in the dike, based on their occurrences. One is stick-shape apatites (Type 1 apatite) in secondary silica micro-veins that cut the silica dike. The other is granular apatites (Type 2 apatite) that occur in matrix of the silica dike. Occurrence in the secondary micro-veins (Type 1), non-igneous REE patterns (Type 1 and 2), chemical zoning (some of Type 1 and 2), iron sulfide within apatite (some of Type 2), and intergrowth of apatite and sulfide (some of Type 2) suggest that both types of apatite were crystallized in the silica dike. Ion microprobe U-Pb dating of Type 1 apatite did not give a well-constrained age, while Type 2 apatite yields a Tera-Wasserburg concordia intercept age of 3214 ± 140 Ma (95% confidence level, MSWD = 0.6) in a three-dimensional 238 Pb isochron age of 3191 ± 150 Ma (95% confidence level, MSWD = 0.5). It is difficult to judge whether the U-Pb and Pb-Pb age of Type 2 apatite is crystallization age or metamorphic age, since the estimated range of closure temperature of U-Pb system in the apatite and that of metamorphic temperature is partly overlapped. In either case, it can be safely concluded that the minimum age of the dike and kerogen is 3.2 Ga. These ages might allow the interpretation that the kerogen was produced by biological carbon fixation and/or abiological reaction at least before 3.2 Ga.
The oldest known microfossils on Earth occur in 3.5 Ga bedded chert from North Pole area in Pilbara Craton, Western Australia (Awramik et al., 1983) . In this area, numerous silica dikes intruded basaltic greenstone below the fossil-bearing chert (e.g., Nijman et al., 1999) . The silica dikes are suggested to deposit from silica-rich hydrothermal fluid during the deposition of the fossilbearing chert, based on geological field works (e.g., Isozaki et al., 1997) . The silica dikes contain considerable amount of kerogen (0.05~6.72 mgC/g; Ueno et al., 2004) and carbonaceous filamentous microstructures ( Fig.  2b ; Ueno et al., 2001) . The filamentous microstructures have been suggested to be microfossils of chemoautotroph at 3.5 Ga, based on geological interpretation of the silica dikes (e.g., Isozaki et al., 1997; Kitajima et al., 2001) , the morphology and C isotopic compositions of them (δ 13 C values = -42 ~ -32‰; Ueno et al., 2001) , and C and N isotopic compositions of the kerogen (δ 13 C values = -38 ~ -30‰, δ 15 N values = -7 ~ +4‰; Ueno et al., 2004; Pinti et al., 2001) . On the other hand, Brasier
INTRODUCTION
To investigate the evolution of life on Earth is one of the most important subject not only on geochemistry but also on wide range of natural sciences. However, little is known about the place where the first life emerged and evolved. The hydrothermal system is one of the candidates for the place of birth of life (e.g., Holm and Andersson, 1998) and probably the place of first metabolic evolution (e.g., Nisbet and Fowler, 1999) . Thus, in order to understand the role of hydrothermal system for the origin of life and/or subsequent early evolution, it is necessary to study the ancient hydrothermal systems by geochemical means.
et al. (2002) suggested that inorganic hydrothermal deposits that are synthesized by Fischer-Tropsch Type reaction can produce 13 C-depleted filamentous microstructures, and they concluded that life has not yet occurred on Earth at 3.5 Ga. The filaments and kerogen in the silica dikes may give great insights into the origin of life or pre-biotic organic synthesis.
Direct dating of the formation age of the silica dikes, however, have not yet been determined. Therefore, dating of the dikes is important to constrain the age of kerogen and filamentous microstructures. Here, we report in-situ U-Pb dating of apatite from one of the silica dikes that contains the kerogen and carbonaceous filamentous microstructures. We also report a chondrite normalized rare earth element (REE) pattern for the individual apatite grain in order to discuss the origin of apatite and relation between observed U-Pb age of the apatite and formation age of the silica dike. Based on these results, we constrain the formation age of the kerogen.
GEOLOGICAL OUTLINE OF NORTH POLE AREA AND OCCURRENCE OF SILICA DIKES
North Pole area is located in the central part of the Pilbara Craton, Western Australia (Fig. 1) . In the North Pole area, the lower part of the Warrawoona Group crops out (Van Kranendonk et al., 2001) . Three sets of basaltic greenstones and bedded chert (Unit 1, 2 and 3) are bounded by faults ( Fig. 1 ; Ueno et al., 2001 ). Bedded Ueno et al. (2001) . (Ueno et al., 2001) . Scale bar shows 1 cm. b) and c) Optical photomicrographs of carbonaceous filaments (Ueno et al., 2001 chert in Unit 1 is associated with barite and is correspond to the "Chert-Barite Unit" described by Buick and Dunlop (1990) . The minimum age of the greenstone in Unit 1 is constrained by zircon U-Pb age of 3459 ± 18 Ma for adamellite that intruded the greenstone (Thorpe et al., 1992b) . In addition, model Pb age of 3490 Ma was reported for galena from the Chert-Barite unit that overlie the greenstone (Thorpe et al., 1992a) . Thus, the formation age of greenstone in Unit 1 is likely 3.44~3.49 Ga. Numerous silica dikes intruded the greenstones. The silica dikes are 0.3~20 m wide and generally >100 m long (Ueno et al., 2001) . Some of the dikes are cut by dolerite dike. Figure 2a shows photographs of one of the dikes. Many dikes contain considerable amount of kerogen (0.05~6.72 mgC/g; Ueno et al., 2004) . The carbonaceous filamentous microstructures were also found from two of the dikes ( Fig. 2b ; Ueno et al., 2001) .
MINERALOGY OF SAMPLE
One sample of the silica dikes (96NP452) that contain abundant kerogen and carbonaceous filamentous microstructures was selected for U-Pb and REE analysis (96NP452; Fig. 2a ). The sample constitutes mainly silica and minor amount of kerogen, sulfide, carbonate and apatite. Among of these minerals, apatite is the most suitable mineral for radiometric dating.
Two types of apatite were identified in the sample, based on their occurrence. One is stick-shape apatites (10 µm × 15~80 µm in size; named Type 1) that fill in secondary silica micro-veins that cut the silica matrix. Type 1 always occurs within the micro-vein where kerogen is cut (Fig. 3a) . The other is granular apatites (10~30 µm in diameter; named Type 2) that occur in the silica matrix (Figs. 3b, 3c, 3d, 3e, 3f) . Type 2 is more abundant than Fig. 3c ). Some of Type 2 occur as intergrowth with sulfide ( Fig. 3d ). In addition, chemical zoning in apatite is identified by back-scattered electron images of some grains of Type 1 and 2 (Fig. 3e) . The chemical zoning suggests deposition of Type 1 and 2 apatites from multiple fluids (i.e., hydrothermal fluids and/or diagenetic fluids). These features suggest that the both types of apatite were crystallized in the dike as discussed later.
METHODS
Since the grain size of apatite in the dike sample is significantly small (several tens µm scale; Fig. 3 ), it is difficult to separate the apatite grains from the sample by using a standard mineral separation technique. Moreover, it is necessary to date Type 1 and Type 2 apatites separately, because it is possible that Type 1 and Type 2 have different ages. Therefore, in-situ analyses are performed for thin sections of the sample that was finally polished by 0.25 µm diamond paste.
Major element compositions of the apatites were analyzed with an electron probe microanalyzer (EPMA: JOEL JCMA 733 II) at Hiroshima University. Electron beam was extracted from filament with probe current of 15 nA and accelerated with 15 kV, and focused to 2 µm in diameter. To estimate contents of Ca, Si, P, F and Sr in the apatite, standard material of CaSiO 3 (for Ca and Si), InP (for P), CaF 2 (for F), SrTiO 3 (for Sr) were used.
In-situ U-Pb dating of the apatites were performed by Sensitive High Resolution Ion Micro Probe (SHRIMP II) installed at Hiroshima University. Experimental details were given in Sano et al. (1999) . A primary beam of about 1.0 nA O 2 -was focused to sputter an area of 10 µm in diameter on the apatite grain and the positive secondary ions were accelerated with 10 kV. There were no isobaric interferences in the mass range over 204 Pb and 208 Pb at a mass resolution of 5800. Mercury interference on 204 Pb was negligibly small, which was verified by 200 Hg and 202 Hg measurements were calibrated against those of standard apatite whose REE abundances were determined by ICP-MS after chemical dissolution . REE abundance of the dike sample was measured by ICP-MS (Yokogawa PMS2000) installed at Ocean Research Institute after chemical dissolution and separation. The sample chip (125 mg) was decomposed by HCl, HNO 3 , HF and HClO 4 in a Teflon beaker. The mixture was subsequently evaporated to dryness. The residue was redissolved with 2% HNO 3 for injection into the ICP-MS. The REE abundances were determined using Cd as internal standard for the ICP-MS analysis.
RESULTS
Summary of mineralogical characters of apatites that were analyzed are listed in Table 1 .
Major element compositions
Major element compositions of Type 1 and 2 apatites are listed in Table 2 . They are typical fluorapatite composed of Ca, P 2 O 5 and F. There are minor components of SiO 2 and Sr. The other elements such as Fe, Al and Mn are less than detection limits of EPMA. Since the oxide totals of the apatite are nearly 100%, contribution of OH may be small. There is no difference of chemical compositions between Type 1 and Type 2. Unfortunately, relationship between the major element chemistry and chemical zoning was not researched.
REE abundances
REE abundances for Type 1 and 2 apatites and the silica dike are listed in Table 3 . Chondrite-normalized REE patterns for the apatites can be divided into 3 types, based on their signatures (Fig. 4) . One is the REE pattern that is characterized with LREE-depletion (apatite 5.5, 5.8, 3.5.5). Second pattern is characterized with MREEenrichment with the peak of Eu (apatite 5.4.2). The third is characterized with slightly HREE-depletion (apatite 5.14). Variation of these REE patterns does not have a clear relation to mineral inclusions or chemical zoning (Table 1) . On the other hand, the chondrite-normalized REE pattern of the silica dike is characterized with LREEenrichment (Fig. 4) . Eu abundance of the dike is not calculated because of high content of Ba in the sample solution, suggesting significant interference to Eu + by BaO + . This might been due to presence of micro-barite in the dike, since some of the other dikes were cut by barite micro-vein. (Sha and Chappell, 1999; Belousova et al., 2002) . Figure 8b shows (Ludwig, 1998a) . Calculation was made by using Isoplot/ Ex (Ludwig, 1998b Pb/ 204 Pb ratios are 16.1 ± 9.3 and 13.5 ± 3.5, respectively. Uncertainties of the initial ratios are large and not suitable for further discussion. The linear regression for a total Pb/U isochron of Type 1 apatite gives 2917 ± 1200 Ma (95% confidence level, MSWD = 2.9). The large MSWD implies a significantly low probability of the fit, again suggesting that it is not really the U-Pb isochron. 
U-Pb dating

DISCUSSION
Origin of apatite
Apatite in the silica dike is not igneous apatite that has been mechanically incorporated from surrounding greenstone, because apatite is absent in the greenstone. Furthermore, the REE compositions of Type 1 and 2 apatites are significantly different from those of magmatic apatite in granite and dorelite (Fig. 4) , indicating that these apatites are not derived from granite and dolerite in North Pole area.
On the other hand, occurrence and chemical signature of these apatites strongly indicate that they were crystallized in the dike (i.e., deposition from hydrothermal fluid and/or diagenetic fluid). Type 1 apatite fills in secondary silica micro-vein, and it was obviously crystallized in the silica dike (Fig. 3a) . It should be noted that REE patterns of some of Type 2 apatites are identical to that of Type 1 (Fig. 4) , suggesting that the some of Type 2 were also crystallized from hydrothermal fluid with the same REE compositions as the Type 1. Some of Type 2 apatites contain iron sulfide (Fig. 3c) or occur as intergrowth with sulfide (Fig. 3d) . Therefore it is very likely that both apatite and iron sulfide were crystallized in the dike. Chemical zoning in some apatites suggests deposition of the apatites from multiple fluids (Fig. 3e) , since the deposition of zoned apatite was reported by other hydrothermal systems (Knutson et al., 1985; Noda and Kakegawa, 2001 ). In addition, abundant kerogen in the dike is suggested to be P source in Type 2 apatite, because authigenic apatite are reported from organic-rich sediments such as Ordovician black shale at Wales (Lev et al., 1999) and modern sediments at Peru continental margin (Glenn, 1990) .
Variation of REE patterns of Type 1 and Type 2 apatites shows the deposition of apatites from multiple fluids with various REE compositions (i.e., hydrothermal fluids and/ or diagenetic fluids). This is consistent with chemical zoning observed for some apatites. The LREE-depleted pattern for apatites 3.5.5, 5.5 and 5.8 might be explained by hydrothermal fluids which deposited monazite before deposition of the apatites (Fig. 3f) . Note that presence of monazite in hydrothermaly altered basalt was reported by other workers (Noda and Kakegawa, 2001 ). For apatite 5.14, the REE pattern normalized by silica dike is comparable to a shale-normalized REE pattern of sedimentary apatites (Lev et al., 1999; Bouch et al., 2002) . This suggests deposition of apatite 5.14 from hydrothermal or diagenetic fluid that have REE compositions similar to those of silica dike. For apatite 5.4.2, the REE pattern normalized by silica dike is difficult to be explained by shale-normalized REE patterns of sedimentary apatites (Lev et al., 1999; Bouch et al., 2002) , since the Gd/La ratio of 40 ± 12 (normalized by silica dike) of apatite 5.4.2 can not explained by Gd/La ratios of 2~7 (normalized by shale) of the sedimentary apatites. This requires that REE compositions of a fluid which deposited apatite 5.4.2 is different from those of fluids which deposited apatite 5.14 and apatite 3.5.5, 5.5 and 5.8.
In summary, absence of apatite in greenstone that surrounds silica dike, non-igneous REE patterns (Type 1 and 2), occurrence in secondary silica micro-veins in silica dike (Type 1), existence of iron sulfide within apatite (some of Type 2), intergrowth of apatite and sulfide (some of Type 2) and chemical zoning (some of Type 1 and 2) Fig. 8. a suggest that both types of apatite were crystallized in the silica dike. In addition, REE variation of apatites shows their deposition from multiple fluids with various REE compositions.
Constraint on the formation age of the silica dike and the kerogen
Based on the closure temperature of U-Pb system in apatite and geologically estimated metamorphic temperature, one may discuss the formation (crystallization) age or metamorphic age of the samples. Closure temperature for U-Pb system in Type 2 apatite is estimated to be 380~430°C, using effective diffusion radius of 15~20 µm and cooling rate of 1~10°C/Ma (Cherniak et al., 1991) . On the other hand, metamorphic temperature of the silica dike may be 300~400°C because metamorphic grade of the basaltic greenstones surrounding silica dikes is greenschist facies (Kitajima et al., 2001) . Thus, it is difficult to judge whether the U-Pb and Pb-Pb age of Type 2 is crystallization age or metamorphic age.
In either case, thermal event(s) at 3.2 Ga is required to explain the U-Pb age (Tera-Wasserburg concordia intercept age) and the Pb-Pb age of Type 2 apatite. Note that 3.2 Ga thermal event(s) is recorded by various isotopic systems in volcanics and sediment from 3.4 Ga Warrawoona Group at various area in Pilbara Craton. One example is regional metamorphism at 3.2 Ga recorded by 40 Ar age of metabasalts and hornblendes in amphibolites from various points in Shaw area (Davids et al., 1997; Wijbrans and McDougall, 1987) . The other example is 3.2 Ga thermal event(s) recorded by Sm-Nd age for banded chert (Minami et al., 1995) , and Rb-Sr data on 3.2 Ga reference line for silicic lavas (Jahn et al., 1981) . These lines of evidence show that the U-Pb and Pb-Pb ages of 3.2 Ga for Type 2 may be related to the thermal event(s). The U-Pb and Pb-Pb ages for Type 2 requires either that Type 2 and silica dike may be deposited at 3.2 Ga or that the Type 2 has reset U-Pb and Pb-Pb system at 3.2 Ga by thermal event(s), since Type 2 may be crystallized in the dike as discussed in the former section. The U-Pb and Pb-Pb ages of Type 2 apatite suggest that the minimum age of the silica dike is likely 3.2 Ga. On the other hand, maximum age of the dike is likely 3.49 Ga because the formation age of the intruded greenstone is 3.44~3.49 Ga (Thorpe et al., 1992a, b) . Therefore, age of the silica dike is likely 3.2~3.5 Ga.
As for age of kerogen in the silica dike, the minimum age is probably the age of Type 1 apatite because kerogen is cut by silica-micro vein that is filled in by Type 1 apatite. Pb-Pb age of 2.8 ± 0.5 Ga of Type 1 would have corresponded to either thermal events around 2.3~2.7 Ga or thermal event(s) at 3.2 Ga. The former events are recorded by isotope systems in rocks from various locality those belong to 3.4 Ga Warrawoona Group, i.e., WR SmNd age of yellowish gray chert, WR Rb-Sr age for silicic volcanic rock and dacite (Minami et al., 1995; Jahn et al., 1981; Pidgeon, 1978) . The latter is recorded by the U-Pb and Pb-Pb age of Type 2 apatite. Thus, the minimum age of kerogen would have been 2.3 Ga. On the other hand, much higher content of kerogen in silica dike (2.63 mgC/g, Ueno et al., 2004) than that in surrounding rocks (greenstone and bedded chert, Ϲ0.08 mgC/g, Kitajima et al., 2001; Ueno et al., 2004) suggests that kerogen was not incorporated into the surrounding rocks but synthesized in the dike. This suggests that age of kerogen is the same as the age of silica dike of 3.2~3.5 Ga (see previous paragraph). In summary, these lines of evidence suggests that the age of kerogen is older than 2.3 Ga and consistent with the estimate of 3.2~3.5 Ga.
CONCLUSION
In order to provide a constraint on the 13 C-depleted kerogen age in silica dikes that intruded 3.5 Ga greenstone in North Pole area in Pilbara Craton, ion microprobe UPb dating and REE analysis of apatite from one of the dikes were carried out together with microscopic observation and EPMA analysis of apatite. These analyses provided the following information.
1. Two types of apatite were identified, based on their occurrences in the silica dike. One is stick-shape apatites (Type 1 apatite) in secondary silica micro-veins that cut the dike. The other is granular apatites (Type 2 apatite) that occur in matrix of the dike.
2. Absence of apatite in greenstone that surrounds the silica dike, non-igneous REE patterns (Type 1 and 2), occurrence in secondary silica micro-veins in the dike (Type 1), existence of iron sulfide within apatite (some of Type 2), intergrowth of apatite and sulfide (some of Type 2) and chemical zoning (some of Type 1 and 2) suggest that both Type 1 and 2 apatites were crystallized in the silica dike. In addition, REE variation of the apatites shows the deposition of them from multiple fluids with various REE compositions.
3. Type 2 apatite yield a Tera-Wasserburg concordia intercept age of 3214 ± 140 Ma (95% confidence level, MSWD = 0.6) in a three-dimensional 238 Pb isochron age of 3191 ± 150 Ma (95% confidence level, MSWD = 0.5). These lines of evidence suggest that the minimum age of the dike is 3.2 Ga. It is likely that the minimum age of the kerogen in the dike is 3.2 Ga since the kerogen was likely synthesized in the dike. The time constraint might allow the idea that the kerogen was produced by biological carbon fixation and/or abiological reaction at least before 3.2 Ga hydrothermal systems.
